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 Sense and spray weed management, as defined by this paper, is the ability to 
detect individual or small groups of weeds within a field and selectively spray just the 
weeds that were detected. These technologies reduce the total volume of herbicides per 
unit area that would have been applied with a conventional broadcast application. Sense 
and spray weed management may be thought as a subcategory of traditional site-specific 
weed management. Sense and spray weed management technologies aim to reduce the 
impact of herbicides on the environment, while improving the farm’s profitability. As 
sense and spray weed management technologies become commercially available, they 
will bring with them questions about their ability to detect and make spraying decisions 
accurately. Outlined in this paper are two methods that can be used by researchers, 
farmers, and technology developers to evaluate these technologies. These methods are 
reproducible across many different farming situations. A blue dye method can be used to 
visually access a technology’s detection and application efficacy. A strip sampling 
method can be used to estimate the weed escapes that make it past the weed control 
methods. The successful integration of these technologies on the farm will be dependent 
upon their ability to control weeds at a similar level to the conventional broadcast 
applications that are being utilized currently. Currently, since no commercially acceptable 
efficacy benchmarks exist for these technologies, all comparisons should be made to the 
conventional broadcast applications. In addition, broadcast applications of residual 
herbicides will likely continue to play a useful role in managing weed populations.  
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CHAPTER 1. GENERAL INTRODUCTION 
Background 
The ecological and economic impacts of applying pesticides have been a growing 
concern since the 1960s. Rachel Carson’s book Silent Spring brought the issues with 
pesticides to the attention of the public (Carson, 1962). Since her book was published, the 
public has put significant pressure on law-makers to make stricter registration 
requirements and ban or reduce the use of pesticides that could be harmful to people or 
the environment (Kudsk & Streibig, 2003). Herbicides play an important role in 
agriculture by protecting the crop from competition from weeds. Weeds compete with the 
crop for water, nutrients, sunlight, and space needed to support growth and development 
(Aldrich, 1987).  
On the environmental aspect, the European Union considered banning a popular 
herbicide, glyphosate in November of 2017. The European Union extended the license 
for glyphosate for five years in a 2017 vote (European Commission, 2019), but this action 
against one of the most popular herbicides in the world illustrates the pressures on 
continued pesticide availability. Pesticides impact on water quality, buildup in the soil, 
and impact on wildlife have been of great concern in an ever more environmentally 
conscious public (Johnson, et al., 1997; Thornton, et al., 1990).  
With the relatively low value of common commodity crops, farmers look towards any 
way to cut input costs to make their operations more profitable. Sense and spray weed 
management technologies use sensors to detect individual weeds, or small groups of 
weeds. After the weeds are detected, spray applications are targeted at just those weeds. 
2 
 
This system contrasts the broadcast applications of the herbicides and has the potential to 
reduce the overall amount of herbicide required to complete a spray application (Swinton, 
2005).  This reduction in herbicide could result in a more profitable operation and reduce 
environmental risks (Heap & Trengove, 2008). Additionally, reducing the total volume of 
chemicals and water applied could reduce the time needed for applications and cut labor 
cost due to the increased efficiencies; the time reduction originating from time spent 
filling the sprayer tanks. 
Description of Sense and Spray Weed Management Technologies 
Weeds are known to not occur uniformly across an agricultural field, rather weeds 
often occur in aggregated patches with different sizes and patterns (Marshall, 1988; 
Gerhards & Christensen, 2003; Wiles, et al., 1992). Sense and spray weed management, 
as defined by this paper, is the ability to detect individual or small patches of weeds 
within a field and selectively spray just the weeds that were detected. This is different 
from the classical form of site-specific weed management where patches of weeds or 
entire fields are evaluated for overall weed pressure then subsequently sprayed (Heap & 
Trengove, 2008). SASWM may be defined as a subcategory of site-specific weed 
management. 
Why We Need a Method for Testing Weed Detection Efficacy 
With the advent of these SASWM technologies, comes questions about their potential 
weed control and detection efficacies. Currently, to the knowledge of this research team, 
there exist no testing methodologies that describe the weed control or detection efficacy 
of SASWM technologies. Due to the reduced amount of herbicides being applied, it is 
hypothesized that these SASWM technologies do not achieve the same level of detection 
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and control of weeds as the broadcast application of herbicides. The magnitude of the 
difference between SASWM and the classical broadcast application is of interest to 
farmers, developers, and researchers. Differences in cost and efficacy between the 
technologies could impact the successful integration of SASWM technologies on the 
farm.  
Thesis Organization 
Chapter 2 contains a literature review on: a description of SASWM, the history 
and progression of SASWM technologies, a description of the market for the 
technologies, discussions around control thresholds, weed control efficacy, and 
implications for testing procedures.  Chapter 3 discusses the various metrics that will be 
used to analyze SASWM technologies. Special emphasis is placed on the process used to 
test these technologies, so similar studies can be repeated by other researchers. In 
addition, the results of the various tests are discussed. Chapter 4 summaries the general 




CHAPTER 2. LITERATURE REVIEW 
What is Sense and Spray Weed Management 
 Site-specific is often used as an adjective to describe an operation that is “created, 
designed, or selected for a specific site” (Site-specific, 2019). In relation to weed 
management, site-specific weed management is a weed management strategy that is 
created for a specific site. Classically, site-specific weed management has involved 
locating patches of weeds within a field, then making a spray application to these areas. 
SASWM may be defined as a subcategory of site-specific weed management where an 
individual weed or a small cluster of weeds are detected by a sensor based technology, 
followed by a decision whether to make a spray application to the weed or weeds.  
Demand for Sense and Spray Weed Management 
Regulation Pushes 
On the environmental aspect, the European Union considered banning a popular 
herbicide, glyphosate in November of 2017. The European Union extended the license 
for glyphosate for five years in a 2017 vote, but this action against one of the most 
popular herbicides in the world illustrates the pressures on continued pesticide 
availability (European Commission, 2019). Pesticides impact on water quality, buildup in 
the soil, and impact on wildlife have been of great concern in an ever more 
environmentally conscious public (Thornton, et al., 1990; Johnson, et al., 1997). Triazine 
herbicides have been found in surface water across multiple studies (Frank, Clegg, & 
Sherman, 1990; Thurman, et al., 1991; Guzzell, et al., 2006; Tappe, et al., 2002). The 
presence of these herbicides in surface water raises questions about the safety and 
practicality of herbicidal applications. Since herbicides rates should not be reduced 
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significantly on a volume of active ingredient per sprayed area basis, due to the loss of 
weed control efficacy, SASWM could aid in reducing the amount of herbicides that are 
found in surface water by decreasing the overall total volume of the herbicides that are 
applied to the entire farmed area (Johnson, et al., 1997).  
Herbicide Resistance 
 Herbicide resistance in weed populations is a growing concern of many farmers, 
researchers, and chemical companies. As of 2019, 259 weed species were found to have 
populations within the species that are resistant to one or more herbicide site of actions 
(Heap, 2019). In addition, there were 505 separate cases of species by site of action 
resistance cases (Heap, 2019). With the existence of these herbicide resistant 
mechanisms, adequate weed control can become challenging. One current strategy to 
manage herbicide resistant weeds involves using alternate herbicide sites of action except 
in weeds with noted cross resistance mechanisms (Norsworthy, et al., 2012; Beckie & 
Tardif, 2012). The different sites of action must be carefully selected to not significantly 
damage whatever crop is present at the time of the application. These site of action 
selections provide an opportunity for SASWM. If the chemical application can be 
accurate enough as to not negatively impact the crop that is present in the field, herbicidal 
chemistries can then be opened up to alternate chemistries that were considered damaging 
to the crop; this would however, require herbicide labels to be revised as to allow the 
application of these alternate chemistries to susceptible crops. In addition, if detection 
efficacy can differentiate between non-resistant and resistant weed biotypes, different 
herbicide sites of action can be sprayed selectively on weeds with different levels of 
susceptibility (Heap & Trengove, 2008). Research has already been done successfully to 
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differentiate herbicide resistant biotypes of resistant kochia from susceptible biotypes 
using vision based sensing technologies (Nugent, et al., 2018). Additionally, there already 
exist sprayers which are capable of spraying multiple herbicide chemistries independently 
of one another. 
Economics 
 SASWM can have economic benefits that can be realized on the farm. Herbicides 
expenses have increased in cost overtime, which works against farm profitability 
(Johnson, et al., 1997). The overall reduction in the total volume of herbicides is 
dependent on weed densities, spatial distributions, and the technology’s ability to apply 
chemicals accurately (Johnson, et al., 1997). If the detection and application efficacy is 
accurate enough to avoid contact with the crop, SASWM could enable farmers to plant a 
crop that is not equipped with traits for resistance to a particular herbicide, which could 
save the farmer money when purchasing seed (Swinton, 2005). Possible government 
payments could be made to the farmers who utilize SASWM on their farm. These 
payments could be made under environmental stewardship programs such as the 
Environmental Quality Incentive Program or the Conservation Stewardship Program 
(Swinton, 2005). Like the non-genetically modified organism markets that have 
established themselves within the U.S., similar markets could get established to 
differentiate the crop products that were grown with a decrease in the total volume of 
herbicides applied on the farm (Swinton, 2005). For areas of the field receiving a 
broadcast foliar active herbicide and no broadcast residual herbicides, additional savings 
could be realized by: the savings of not applying a broadcast residual herbicide, reducing 
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the volume of water that is required to complete the herbicide application, reducing the 
total application time. 
Weed Spatial Distributions 
The main source of viability for SASWM is because of the inherent nature of the 
distribution and aggregation of weeds across a field. Weeds often are not uniformly 
distributed across a field; rather, weeds usually appear as aggregated patches of varying 
sizes and patterns (Cardina, et al., 1997; Marshall, 1988; Wiles, et al., 1992; Gerhards & 
Christensen, 2003; Thornton, et al., 1990). Weed spatial aggregations are a result of seed 
predators, soil properties, seed production, and the patterns of seed dispersal (Johnson, et 
al., 1997). Weeds of the same species do not consistently produce the same pattern 
repeatedly (Cardina, et al., 1997). One distribution pattern that often manifests itself 
within a field setting is a higher density along the edge of the field suggesting a border or 
invasion effect of the weed population in addition to reduced control by spraying and 
tillage equipment along field edges (Cardina, et al., 1997). 
Weed populations are considered to be spatially heterogeneous, so researchers 
often use blocking and replication to help control this source of variation when 
conducting experiments involving weed populations (Cardina, et al., 1997). These 
blocking techniques almost always revolve around topography and soil types due to the 
lack of prior information regarding the spatial distribution of weeds (Cardina, et al., 
1997). With prior knowledge of the weed infestations or farming practices, blocking 
techniques with regards to weed induced factors can be utilized to increase the accuracy 
of the statistical model used.  
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History and Progression of Sense and Spray Weed Management Technologies 
The progression of SASWM technologies has followed a typical path consistent 
in modern machinery technology development. The first machines were operated by 
humans (Figure 1). The next easiest progression was to selectively spray herbicides on 
weeds when the crop is not actively growing in the field, which is common in the fall 
after harvest, in the spring before planting, and during fallow situations. This progression 
operates by the machine detecting green plants that contrast with the color of the soil. The 
next progression takes the detection process a step further. With a standing crop in the 
field, the technology detects where the crop row is and makes the decision not to spray 
this area of the field. After the crop area is removed, the technology decides to spray any 
green weeds that exist between the crop rows in contrast with the color of the soil. This 
technology progression relies on the identification of green color between the crop rows. 
The final progression of the technology detects weeds anywhere in a standing crop and 
makes herbicide application decisions to any weeds that are found within the field. These 
examples are generalized principles used by many different technologies, which use 
many different methods to achieve these results.  
Ken-Ride 
 SASWM technologies, technically, have had a relatively early start in our farming 
systems. One of the early SASWM technologies to surface was what a lot of farmers call: 
bean bars, bean buggies, and ride on sprayer bars. An early example, pictured below, is 
The Ken-Ride Spot Sprayer (Figure 1). The Ken-Ride Sprayer was developed by 
Minnesota farmer Ken Kass (Farm Show Magazine, 1979). The sprayer was considered 
commercially available to the public in 1979. Riders would sit upon the seats mounted on 
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the boom. As the tractor drove across the field, riders would detect the weeds with their 
eyes, then spray weeds with a spray wand. In areas with high weed pressures, the riders 
could flip on a section of the broadcast boom for their section of the sprayer. This 
technology was one of the pioneers for the real-time on-the-go SASWM technologies that 
are starting to be common in today’s marketplace.  
 
Figure 1. Pictured above is the Ken-Ride Sprayer (Farm Show Magazine, 1979). 
 
Blue River Technology 
 Blue River Technology started in 2011 with the idea of making farming more 
sustainable with the implementation of computer vision and robotics (Blue River 
Technology, 2015). In the fall of 2017, Blue River Tech. was purchased by John Deere. 
The early versions of their machines were developed to thin over populated lettuce 
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stands. The current versions (Figure 2) use cameras to take pictures of the crop on-the-go. 
Their deep learning algorithms then identify the plants, weeds and crops in the field of 
view. Then, the technology makes application decisions right after the weeds are 
detected. These machines are currently in operation in cotton and soybean fields across 
the United States (Blue River Technology, 2015). These machines use nozzles with less 
than 2.54 cm spraying resolution to be able to hit small targets in the field, which leave a 
larger portion of the field unsprayed, when compared to conventional nozzles with 
greater than 38.1 cm spraying bands.  
Figure 2. Blue River Technology sprayer being operated in a field of soybeans (Blue 
River Technology, 2018).  
 
Sentera 
 Sentera is a drone based company founded in 2014 (Sentera, 2019). Their 
technology uses a drone, which flies over the field to collect images. These images are 
subsequently processed by their software algorithms to locate weeds within the field. 
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After the weeds are located, a prescription is generated that is uploaded into any field 
sprayer capable of accepting the prescription and applying a variable rate spray 
application. These sprayers are usually ones that are capable of turning on and off 
sections or individual nozzles of the sprayer boom. 
 Both Blue River Tech. and Sentera are examples of some of the current 
technologies that are present in the SASWM market place. These two technologies are 
quite a bit different from the technologies that utilized humans to detect weeds and make 
herbicide spraying decisions. A large number of SASWM technologies are appearing in 
the market place. All of the companies are rushing to make a finished product that is 
considered effective and able reduce the total volume of herbicides applied to the farm.  
Movement Beyond the Control Threshold 
 Economic thresholds for weed management pose an interesting problem for 
SASWM. Typically, fields are scouted for weed populations that exceed a certain density 
per unit area. In regard to the aggregation of weeds across a field, this method may not be 
the best solution due to large areas of the field not containing weeds, while smaller areas 
of the field exceed the specified control threshold. The use of thresholds for weed control 
decisions leaves some weeds uncontrolled due to the weed density not exceeding the 
threshold. These instances make applications of thresholds to be somewhat limited in 
their use by farmers due to reduced harvestability of the crop, landlord-tenant 
relationships, and long-term impacts of weed seed production (Swanton, et al., 1999). 
These thresholds usually only consider the impacts on a single production season, rather 
than an extended outlook on future weed control cost (Swanton, et al., 1999). It has been 
suggested that weeds should be managed with the highest resolution that is possible with 
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management technologies available (Johnson, et al., 1997). Additionally, most weed 
control thresholds consist of a single species, whereas most fields contain a diverse weed 
community (Swanton, et al., 1999). These thresholds for individual weed species’ 
densities do not fit well with technologies, which are making spraying decisions on-the-
go rather than identifying the population’s description information ahead of the spraying 
operation.   
Research on yellow nutsedge has shown that the mean yellow nutsedge 
population across a field was 33 shoots per meter squared, but the weed was present in 
only 52 percent of the field (Cardina, et al., 1997). Management of yellow nutsedge on a 
whole field basis would result in the entire field being sprayed since the threshold of 10 
shoots/ 1 square meter was exceeded. The next increase in resolution would be to turn on 
and off the entire boom on the sprayer. Next, small sections of the boom could be turned 
on and off for even greater resolution. Turning on and off individual nozzles would result 
in even greater resolution. The final progression to get even better resolution is to custom 
design nozzles like Blue River Technology where nozzles are only applying 2.54 cm 
width spraying bands. These progressive resolutions may be applied to areas that contain 
1 weed per 1 square meter or any other number per 1 square meter. For every increase in 
the resolution of the herbicide application, the total volume of herbicides applied to the 
area could be reduced.  
Johnson et al. (1995) studied the effect of clomazone on populations of velvetleaf 
(Abutilon theophrasti), foxtail (Seteria spp.), and pigweed (Amaranthus spp.). On 
susceptible populations of velvetleaf and foxtail, clomazone decreased the density of 
weeds within the patches and disrupted the aggregation of the weeds. In the tolerant 
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population of pigweed, clomazone did decrease the density of the weed, but did not 
change the patch size and shape. This research suggests that an effective management 
regime can alter the aggregation patterns that are witnessed across a farm. To 
successfully maintain the management regime, weed detection must not be static, since 
the weed aggregation can change over time (Johnson, et al., 1995).   
Weed Control Efficacy and Long-Term SASWM Sustainability 
There are risks with reducing the amounts of herbicides applied to a field 
(Johnson, et al., 1997). The weeds that were not controlled because they didn’t receive a 
herbicide application could result in a long-term weed control issue. These weed escapes 
could result in the formation of new weed patches (Johnson, et al., 1997). The two main 
costs associated with weeds that are uncontrolled are the additional cost to control the 
weeds in the future and a decrease in crop yields (Johnson, et al., 1997). Weeds that are 
not controlled by the herbicide application may also require alternative management 
practices with other methods such as tillage or diverse crop rotations (Johnson, et al., 
1997).  
Utilizing seedbank data to make predictions concerning future weed seedling 
populations are difficult due to variations in horizontal and vertical soil distributions, 
which result in differences in seed survival, dormancy, and emergence (Cardina, et al., 
1997). Economic threshold research can be utilized to determine the value of crops lost 
by allowing some weeds to escape control. Weed science research appears mixed; some 
researchers suggest that there is some level of weed densities that below which, will not 
impact the yield of the crop (Aldrich, 1987). Other researchers suggest than any amounts 
of weeds will negatively impact crop yield (Cousens, 1985). Many factors can influence 
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the yield loss associated with weeds including: weed densities, the weed’s proximity to 
the crop, crop row spacing, crop planting patterns, weed competitiveness, environmental 
conditions, weed emergence timing in relation to the crop, allelopathy affects, and many 
more (Aldrich, 1987; Cousens, 1985). Research has been conducted in Nebraska to 
determine the impact of tall waterhemp (Amaranthus tuberculatus) and velvetleaf 
(Abutilon theophrasti) on the yield of soybeans (Bauer et. al, 1991). This research yielded 
regressions, which can be applied to generally determine the yield loss that could be 
expected with varying levels of weed pressures present. These methods for evaluating a 
technology’s performance should be viewed with skepticism due the varying impact 
weeds have on subsequent yield, which was outline above. Summarized research data for 
thresholds of annual broad-leaved weeds that emerged with the crop suggest general 
thresholds in corn of less than 5 plants per square meter and less than 1 plant per square 
meter for soybeans; annual grasses have a higher threshold of 10 to 40 plants per square 
meter (Swanton, et al., 1999). 
Implications for Experimental Testing of Sense and Spray Weed Management 
 Weed populations in experiments involving weed control treatments are of great 
interest to many researchers (Johnson et. al, 1995; Bauer et.al, 1991). These populations 
change, within the season, before/after a control treatment, and from year to year. Weed 
population density is a valuable metric that is often used to measure the success of weed 
control treatments. Due to the behavior of weeds within a field, statistical analysis for 
studies involving weeds can be difficult. Weed control treatments often result in two 
opposite ends on the spectrum, success or failure. Johnson et. al (1995) tested several 
forms of analyses: Poisson with zeros, Neyman type A, logarithmic with zeros, Poisson 
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binomial, and negative binomial distributions to evaluate the weed populations that 
existed within the field. A negative binomial distribution resulted in the best fit for the 
data. Other research has also shown that the negative binomial distribution can be a good 
fit for weed populations (Marshall, 1988). 
Many different sample dimensions have been used for sampling mean weed 
densities (Cardina, et al., 1997). Sample dimensions can have a large impact in the 
amount of samples that contain weeds. Unpublished raw data has shown that when 
samples of 1 square meter were used, 79.6% of samples did not contain any weeds 
(DeGroot, 2018). This research implies that to successfully analyze weed control 
performance, a larger sample dimension should be used to incorporate a larger proportion 
of the field; however, the sample dimension should not be too large that the time or 
resources to sample becomes a deterrent, which prevents sampling. 
 Little research has been conducted on SASWM systems, but there are general 
concepts that can be adopted from conventional sprayer research. To evaluate sprayer 
performance visually, blue dye has been used to have an immediate method to visualize 
where the spray has been applied (Lamm, et al., 2002). This method is reproducible in 
many, if not all, cropping systems and environments. Personal observations have shown 
that blue dye applications can have varying levels of visual intensities in weeds sprayed 
by the application. The blue dye can be challenging to detect on some weed species. 
Additionally, due to leaf surface composition, blue dye can bead up or spread out over 





 SASWM technologies are coming to market with economic, environmental 
concerns, herbicide resistance, and inherent weed spatial distributions as the driving 
factors. The current market place is composed of drone based technologies and on-the-go 
active-sensing machines. These technologies need a commercially acceptable testing 
procedure that can be used for comparisons. Over time, SASWM technologies have 
increased the resolution from which spraying decisions are made; higher spraying 




CHAPTER 3. MATERIALS AND METHODS 
Introduction 
In 2019, field research was conducted on Iowa State University’s East Bisland 
farm near Luther, IA. This site was comprised of 42.7 hectares. In addition, research was 
also conducted on the K-Finch farm (22.6 hectares) also near Luther, IA. The K-Finch 
farm is located across the road to the south of the East Bisland farm.  
Weeds were not sowed in any of the research fields; rather, the research relied on 
the underlying weed pressure that existed within the field. The East Bisland farm had a 
large variation in weed population densities and species, which consisted of: tall 
waterhemp (Amaranthus tuberculatus), giant foxtail (Setaria faberi), corn (Zea mays), 
hemp dogbane (Apocynum cannabinum), wild parsnip (Pastinaca sativa), common 
lambsquarters (Chenopodium album), poison ivy (Toxicodendron radicans), common 
milkweed (Asclepias syriaca), maple trees (Acer spp.), giant ragweed (Ambrosia trifida) 
and velvetleaf (Abutilon theophrasti). In 2017, part of the East Bisland field was in the 
Conservation Reserve Program. In 2018, the hectares that were in the Conservation 
Reserve Program in 2017 were planted with soybeans and the rest of the field was 
planted with corn. For 2019, the entire area was planted with 76 cm spacing soybeans at 
333,450 plants per hectare on June 4th, 2019. Figure 3 is a color-infrared image of the 
weed pressure prior to planting. Since this image was taken prior to planting, the weeds 
are represented by the pink color. Most of the weeds are primarily concentrated in the 




Figure 3. Color-infrared(CIR) image of the East Bisland farm prior to planting the 
soybean crop on April 24th, 2019. 
 
In 2018, the K-Finch research farm was planted with soybeans. For 2019, the 
farm was planted with 76 cm spacing corn on April 26th, 2019. The farm had a low weed 
pressure across the field. Weeds that were present included common lambsquarters, tall 
waterhemp, ivyleaf morningglory (Ipomea herderacea), velvetleaf, soybean (Glycine 
Area of the field that 
was in the 
Conservation Reserve 
Program in 2017.  
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max), and wild marijuana (Cannabis sativa). Figure 4 is a color-infrared image of the K-
Finch farm on April 24th, 2019. The pink areas of the field represent where the weeds 
were primarily concentrated (Figure 4).  
 




Due to limitations from equipment size and spraying logistics, the setup for the 
research experiment was an incomplete block design. The field was blocked into two 
blocks (west and east) to control for in field variation in weed populations densities. To 
control for border effects, a boundary of at least 18.3 meters, applied to all four sides of 
the research field, was excluded from the study. Plots were 18.3 meters wide (24 crop 
rows), representing a common spraying and planting operating width of full-scale 
farming operations. The outside two rows on either side, were not sampled to allow a 
buffer between treatments. In these areas, it is possible that spray drift, spray overlap, or 
spray underlap could have affected the area in an unknown manner. Plots lengths varied 
by field. For K-Finch, the plots were 502 meters long. For the East Bisland field, the plot 
length was 744 meters.  
The herbicides that were used in the study can be observed in below. Pre-plant 
herbicide applications were made to reduce the weed populations and facilitate data 
collection. Due to the glyphosate resistant waterhemp that was identified in 2018, the 
2019 herbicide plan included several different active ingredients and sites of action. To 
reduce the time spent during the application and sampling day on the K-Finch farm, the 





Table 1. Herbicides, rates, and application types that were utilized. 
  
In K-Finch, the control treatment consisted of a broadcast application of FAH and 
a broadcasted residual herbicide. The next treatment consisted of using a weed spraying 
prescription map generated by a drone followed by applying a targeted FAH. The third 
treatment consisted of using the prescription map generated by the same drone as before 
to apply a targeted FAH and a broadcast of the residual herbicides. The plot map can be 
seen in Figure 5. To make data collection more streamlined, plots were assigned a 
number rather than a treatment technology to make data collection easier with fewer 
mistakes in data recordings. For the purposes of the blue dye method, which will 
explained in greater detail below, the control will be called Broadcast. The second and 
third treatment will be technology Drone (Table 2) (Figure 5). 
Crop Application Timing Application Type Chemical Rate Units
Corn Pre-Plant Broadcast Acetochlor 1.7 kg a.i./ha
Corn Pre-Plant Broadcast Atrazine 1.4 kg a.i./ha
Corn Post-Emergence Targeted Glufosinate 0.65 kg a.i./ha
Corn Post-Emergence Targeted Glyphosate 1.2 kg a.e./ha
Corn Post-Emergence Broadcast Acetochlor 0.54 kg a.i./ha
Soybean Pre-Plant Broadcast Sulfentrazone 0.22 kg a.i./ha
Soybean Pre-Plant Broadcast Cloransulam-methyl 0.03 kg a.i./ha
Soybean Pre-Plant Broadcast Pendimethalin 0.93 kg a.i./ha
Soybean Post-Emergence Broadcast Acetochlor 1.3 kg a.i./ha
Soybean Post-Emergence Targeted Glufosinate 0.65 kg a.i./ha
Soybean Post-Emergence Targeted Glyphosate 1.1 kg a.e./ha




Figure 5. Above is the field layout for the corn crop located in the K-Finch field and the 
associated map legend. The colors correspond to the different treatments. To the left is 
the corresponding plot dimensions. Total field area was 22.6 hectares. 
 
Table 2. Treatment/technology combinations. 
Technology Treatment 
Broadcast (B) With residual herbicide (B+R) 
Drone (D) With residual herbicide (D+R) 
Drone (D) Without residual herbicide (D-R) 
Medium Precision Active Sensing 
(MPAS) With residual herbicide (MPAS+R) 
Medium Precision Active Sensing 
(MPAS) Without residual herbicide (MPAS-R) 
High Precision Active Sensing (HPAS) With residual herbicide (HPAS+R) 




In East Bisland, the control consisted of a broadcast application of FAH and 
broadcasted residual herbicides. Once again, the control will be called broadcast. The 
second treatment consisted of using the prescription map generated by a drone to apply a 
targeted FAH. The third treatment consisted of using the prescription map generated by 
the same drone as before to apply a targeted FAH and a broadcast of the residual 
herbicides. The fourth treatment consisted of a medium precision active weed sensing 
machine applying a targeted FAH. The fifth treatment consisted of a medium precision 
active weed sensing machine applying both a targeted FAH and a broadcasted residual. 
The sixth treatment consisted of a high precision weed sensing machine applying a 
targeted FAH. The seventh treatment consisted of a high precision weed sensing machine 
applying both a targeted FAH and a broadcasted residual. The plot map for the East 
Bisland farm can be observed in Figure 6. For the purpose of the blue dye method, which 
will be explained below in greater detail, the control will be technology Broadcast (B), 
the second and third treatments will be technology Drone (D), the fourth and fifth 
treatments will be technology Medium Precision Active Sensing (MPAS), and the sixth 
and seventh treatments will be technology High Precision Active Sensing (HPAS). To 
make data collection more streamline, plots were assigned a number rather than a 
treatment technology to make data collection easier with fewer mistakes in data 





Figure 6. Above is the field layout for the soybean crop located in the East Bisland field 
and the associated map legend. The colors correspond to the different treatments. To the 
left is the corresponding plot dimensions. Total field area was 42.7 hectares. 
 
Blue Dye Sampling Method 
Of interest to researchers, developers, and farmers is the ability of the 
technologies to accurately detect and spray weeds within the field. To sample the 
technology detection and spray efficacy, a blue dye method was developed. In K-Finch 
during the day of the FAH application, FAH were applied in the early morning and the 
spray was allowed to dry for one hour before sampling. If time allows for multiple 
application passes, the herbicide can be left out of the initial application that way all that 
is being applied is the blue dye and water; this is the method that was used for the East 
Bisland field. The blue dye used in this experiment was Super Signal Blue by Precision 
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Laboratories Inc. (Precision Laboratories, 2019). By leaving the herbicide out of the 
initial post-emergence application, samplers can conduct the data collection without the 
PPE that is required by the herbicide labels. During the usual times of post-emergence 
herbicide applications, the temperatures outside are often high, which puts samplers at 
risk for heat exhaustion.  
To conduct sampling, samplers walked in between the crop row space, but 
observations were being taken from between two to three rows of the crop per sampler. 
To count the weeds that were hit or not by the spray application, clicker-counters were 
used to keep track of the weeds during sampling. While the samplers were traveling 
down the row, samplers counted weeds that were hit with blue dye on one counter and 
weeds that were not hit by the spray with another counter. Any level of spray coverage 
that could be detected was counted as hit. A counting limit of 800 weeds was set on the 
number of weeds that data would be collected from each plot to aid in time management. 
This data collection method is setup like a Bernoulli trial, where 800 weeds represents the 
total number of trials. Success is defined by the weeds that were hit by the spray 
application. A failure is defined as a weed that was missed by the application.  
Using blue dye is a quick and reproducible visual method for evaluating spray 
coverage. After water evaporated from the solution, the dye remained on the plant. After 
a day, the blue dye was still visible, but not as distinct as the previous day. Below is a 
picture of the blue dye coverage on a weed after it has had two hours to dry. In previous 
testing with the blue dye, it was discovered that different weed species vary in their visual 
response to the application of the blue dye; that is, the blue dye shows up better on some 
species rather than others. Additional testing might be required on future experiments to 
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determine if the blue dye will be compatible with the weed species present. In sprayed 
areas, the blue dye is especially visible in leaf veins, plant axis, plant residue covering the 
soil, and rocks.  
Figure 7. Weed that is covered in the blue dye that was used for the experiment. 
 
To capture weeds from a greater distance spatially and to complement various 
weed detection resolution levels a buffer was placed around weeds that were counted as a 
part of the study. Weeds less than 30.5 cm from a weed that was counted as a part of the 
study were not counted. The weeds that are counted were the first ones encountered in the 
direction of travel for sampling. This sampling method makes a reproducible and 
consistent way for samplers to count the weeds. Additionally, it is aimed at reducing 
sampling error. For samplers, it is difficult to determine which weed the technology 
detected within 30.5 cm from each other. With traditional nozzle sizes covering a band of 
38.1 cm or greater, multiple weeds within the band may be sprayed. This buffer distance 
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could be smaller for on machine detection systems with nozzle spray band widths less 
than 30.5 cm and the machine is capable of turning on and off individual nozzles, but 
since the study included a drone technology, the distance was increased to 30.5 cm. This 
buffer can be observed in Figure 9 along with an example of its application. The buffer 
method placed pressure on the technologies to perform better over a larger area, which in 
theory would incorporate high and low weed densities, rather than a smaller area where 
the density factor, of 800 weeds, could be counted quickly in a dense patch of weeds. If 
the buffer distance was removed, it would have resulted in the detection efficacy being 
higher than it actually was because of the inherent ability to more easily detect dense 
patches of weeds over individual weeds or small clusters.  
The resulting data from this analysis will yield several main testing metrics. The 
main testing metric is a percentage of the weeds sprayed by each technology. This 
number can be used to determine which technology sprays a larger percentage of the 
weeds present in the field. In addition, it can be used to compare one technology to that 
of a conventional broadcast application. Percent weeds sprayed does not represent the 
weeds that will be killed by the chemical application, rather the weeds that were 
identified by the sensors and subsequently sprayed by the sprayer. It is likely that the 
percent weeds sprayed is related to the weeds that will escape the post-emergence 
herbicidal weed control methods.  
This data is considered valuable to determine whether the technologies are 
performing adequately. The ideal scenario for any technology is that the percent weeds 
hit by the spray application is 100%. It is possible that some of the weeds would not be 
hit even by the conventional broadcast herbicide application due to a shading effect from 
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surrounding weeds or crop. This could be shading of the spray or shading of the weed 
where the technology is unable to detect its presence. Due to the broadcast application 
spraying the entire field, it is hypothesized that the technology will have the largest 
percentage of weeds that were sprayed.  
 
Figure 8. Above shows how data was collected for the blue dye data collection method. 
The blue circles represent weeds that were counted as a part of the study. The red circles 
represent weeds that were not counted because they were too close to other weeds that 
were already being counted as part of the study. Blue dots represent the weeds that were 



































• 7 Unsprayed Weeds
• 3 Sprayed Weeds
• 10 Total Counted 
Weeds
• 30% Hit




 To summarize, the blue dye data collection will yield the percent weeds that are 
sprayed by each technology. This number is a measure of the technologies ability to 
detect the weeds within the field, then execute a spray application to those weeds. It is 
hypothesized that the conventional broadcast application, should result in the highest 
obtainable percent weeds sprayed due to spray being broadcasted across the entire plot; 
however, it is likely that not even the broadcast application can hit all the weeds due to 
shading of the spray application by surrounding plants.  
Strip Sampling Method 
In a second experiment following the blue dye data collection method, the weeds 
were allowed to successfully die back as a result of the post-emergence herbicide 
application; afterwards, the field was sampled again with a different method. To capture 
the long-term weed control efficacy and sustainability, a strip sampling method was 
conducted within each plot. Sampled strips were 10 square meters, which were 76 cm 
wide by 13.2 meters long. Unpublished data from research in 2018 concluded that a 
random sampling area of 1 square meter was insufficient to make estimates about mean 
weed densities (DeGroot, 2018). Within each sample, weeds that were alive were counted 
using the counter-clickers that were utilized in the blue dye data collection method 
(Figure 7).  
The strip sampling data collection method provides an understanding of about 
how many weeds per unit area escaped control by the post-emergence 
herbicide/technology treatments. To increase sampling coverage area in two dimensions 
(North to South and West to East), after each sample was completed, the samplers would 
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cross over three rows of crop in the plot represented by the gray arrows in Figure 10; the 
exception being between samples 7 to 8, 14 to 15, 21 to 22, and 29 to 30 where only two 
rows were crossed to avoid the non-sampled rows on the outer edges of the plot. After the 
rows were skipped across, the sampler would not sample for a distance. This distance was 
dependent on the length of the plot. 30 samples per plot was the number of samples that 
was set as a goal. Whatever distance was left over of the plot length after subtracting the 
distance of the 30 samples and dividing the distance evenly between all 30 samples was 
how far the sampler would travel between samples without sampling. Skipping rows and 
a certain distance between samples tries to make the spatial distribution of weeds across 




Figure 9. The figure above shows how the plots were sampled using the strip sampling 
method. The grey arrows represent crossing over the crop rows (green) without sampling. 
Red arrows represent the sampled areas. The blue arrows represent the non-sampled 
distance between samples. The red box on the top and bottom represent the 18.3m 
excluded area. The outside most space on the left and right between the crop rows is not 
sampled. 
 
With targeted herbicide applications focused on emerged weeds, there is a 
question if post-emergence broadcasted residual herbicides will still be warranted in our 
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production systems. 37 days after the post-emergence application, the strip sampling 
method was repeated, but this time it was used to understand the impact of the 
broadcasted residual herbicides at controlling weeds during a post-emergence application. 
The weeds that were left-over after the post-emergence application from plots that 
contained a broadcasted residual herbicide were compared to plots that did not contain a 
broadcasted residual herbicide. It is hypothesized that broadcasted residual herbicides 
significantly decrease the resulting weed pressure post-application. Unpublished 
observations from 2018 showed that in existing weedy areas of the field, a broadcasted 
residual herbicide decreased the subsequent weed pressure significantly (DeGroot, 2018).  
The data was analyzed using the PROC GLIMMIX procedure in Statistical 
Analysis Software (SAS). The [output/code/data analysis] for this paper was generated 
using SAS software. Copyright © [1985-1996] SAS Institute Inc. SAS and all other SAS 
Institute Inc. product or service names are registered trademarks or trademarks of SAS 
Institute Inc., Cary, NC, USA. Graphs were generated using Minitab software (Minitab 
18 Statistical Software, 2010). More information regarding the specifics about the SAS 
program can be found in APPENDIX A. Statistical Analysis of Sense and Spray 
Research Data. 
Summary 
 To summarize, the strip sampling method will yield the amount of weeds that 
survived the herbicide application. This result is a combination of the herbicides’ inherent 
effectiveness, the technology’s ability to detect the weeds, and the machines’ ability to 
spray the weeds. It is hypothesized that broadcast treatment with residual herbicide 
should have the lowest amount of weeds that escape the control measures. 
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CHAPTER 4. RESULTS AND DISCUSSION 
Blue Dye Data Analysis 
 The target of 800 weeds per plot was achieved for all technologies except HPAS, 
which performed on plots that included a relatively low weed density (Table 3). This 
exception is thought to put greater pressure on the technology to succeed with the blue 
dye method because it is hypothesized that it is more challenging to detect and spray 
weeds in relatively low densities. A total of 13,197 weeds were counted as a part of the 
blue dye analysis. 
Table 3. Summary information for technology/treatment applications for the blue dye 
method with associated plots and samples. 
Crop Technology Plots Total Weeds Sampled 
Average Weeds Sampled per 
Plot 
Corn B 1 1033 1033 D 4 3040 760 
Soybean 
B 2 1762 881 
D 4 3420 855 
MPAS 4 3173 793 
HPAS 2 769 385 
 
In corn, at least one of the technologies that was used to spray the field was 
different than the other technologies (P=0.0006). Percent weeds sprayed by technology B 
was 99.7, which was 69.2% higher than percent weeds sprayed by technology D of 
30.5%; the observed difference is statistically different (P=0.0006) (Table 4) (Table 5). 
These results confirm the hypothesis for this test. Technology B was expected to 
outcompete technology D, since technology B received the complete broadcast 
application. In theory, since technology B is receiving a broadcasted application, it 
should have the highest percent weeds sprayed value obtainable. Technology D also 
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showed more variation in the percent weeds that were sprayed than technology B (Figure 
11).  
Technology D only prescribed six total hectares to be sprayed. This represents 
26% of the hectares that treatment B applied. This represents a herbicide savings of 74%. 
74% herbicide reduction should be considered a significant decrease in the amount of 
herbicides being applied to the farm when compared to the conventional broadcast 
application. In addition, this level of reduction could represent a significant decrease in 
the cost of chemicals that are applied to the field. 
Table 4. Percent weeds sprayed by technology in corn. 
Technology Mean Standard Error Grouping 
 -Percent Weeds Sprayed-  
B 99.7 0.193 A 
D 30.5 3.59 B 
 
Table 5. Test for differences in percent weeds sprayed by technology in corn. 
Technology Technology DF t Value Pr > |t| Alpha 
B D 4 9.71 0.0006 0.05 
 
Since the percent weeds sprayed for technology B, the conventional broadcast 
application, wasn’t equal to 100%, this implies that the broadcast application may not 
provide a perfect spray coverage to all the weeds. This imperfection is not well 
understood, but observations from this research has shown that these weeds that were not 
hit by the broadcast application were either located underneath the crop canopy or located 
in a dense patch of weeds. In these areas, the surrounding plant material is providing a 
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shading effect, much like an umbrella in the rain, which is protecting the smaller weeds 
from the herbicidal application. This imperfection also suggest that progress could be 
made to better increase this number. In addition, future research projects could look at 
herbicide applications at different times in the development of the weeds and the crop to 
determine how the height of the crop or the surrounding weeds would impact the level of 
detection and spray efficacy. It is likely that earlier in the development of the crop, the 
weeds would be easier to detect, but making applications too early might require a second 
post-emergence application to control late emerging weeds. 
 




















In soybeans, the technologies did not show as significant of a difference that was 
observed in the corn crop. At least one of the technologies was significantly different 
(P=0.0119). Technology B had a percent weeds sprayed value of 100% (Table 6). This 
suggest that in the soybeans there was not an inefficiency in the broadcast application or 
there exists some level of sampling error, which makes weeds under dense crop or weed 
canopies difficult to detect. Technology D improved its percent weeds sprayed from 
30.5% to 96.0% from corn to soybean respectively (Table 4) (Table 6) (Figure 13). This 
represents a 65.5% improvement between the two crops. The magnitude of the difference 
is likely attributed to several factors. First, it was perceived that the shape files that were 
used for the prescription were too complex to be utilized by the sprayer; as a result, 
nozzle activation lagged behind when the nozzles should have turned on, which 
decreased the amount of coverage. Additionally, the percentage of hectares prescribed 
went from 26% to 57% from corn to soybeans respectively. The greater the proportion of 
land area that is applied, the less likely the technology is to miss weeds. Due to these 
differences, future data should be collected between different crops, which could 
potentially guide the placement of these technologies on the farm. In application, an 
example might be technology HPAS operating on the corn ground and technology D 
operating only on the soybean ground. In addition to the experiment that was conducted 
on the corn ground, technologies MPAS and HPAS were added into the soybean 
experiment. Technologies MPAS and HPAS were both active sensing technologies where 
sensors were mounted on the sprayer and spraying decisions were made on-the-go, 
whereas technology D was a prescriptive mapping technology. Technology MPAS had a 
percent weeds sprayed value of 95.3% (Table 6). Technology HPAS had a percent weeds 
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sprayed value of 99.8% (Table 6). Since technology B had a percent weeds sprayed equal 
to 100%, all statistical comparisons from technology B to the other technologies will ask 
if 100% lies within the confidence interval for the their respective means. Technology B 
outcompeted all other technologies (Table 6) (Table 7). Technology HPAS outcompeted 
technology D and MPAS’s percent weeds sprayed values (P<0.0042) (P=0.0019) (Table 
7). It is likely that technologies with active sensing will result in a better percent weeds 
sprayed in the future after more development. Technology MPAS, an active sensing 
technology, would have likely had a larger percent weeds sprayed than technology D, a 
prescriptive weed mapping technology, if the algorithm had been able to detect maple 
trees (Acer spp.) that were present in the field. 
Table 6. Soybean descriptive statistics of percent weeds sprayed by technology. 





B 100 8.568*10^-6 100 100 A 
HPAS 99.8 0.292 95.0 99.9 B 
D 96.0 4.78 55.5 99.8 C 
MPAS 95.3 5.64 51.2 99.7 C 
 
Table 7. Soybean test for differences between spraying technologies. 
Technology Technology DF t Value Pr > |t| Alpha 
HPAS MPAS 7 4.84 0.0019 0.05 
HPAS D 7 4.16 0.0042 0.05 
MPAS D 7 -0.41 0.691 0.05 
 
Technology MPAS had the greatest level of variation within the level of weeds 
that were sprayed (Table 6) (Figure 12). The greater the variation in the percent weeds 
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sprayed by the technology implies a greater risk for the farm utilizing the technology. 
Anytime the technology does not perform at a high level, the technology will result in 
weeds being left uncontrolled in the field. These uncontrolled weeds can negatively 
impact yield, economics, and social factors, which could potentially limit the integration 
of the technology on the farm. More research should be conducted on the lower values of 
the percent weeds sprayed to correct and prevent them from occurring the next time the 
technology is utilized on the farm.  
 



















Figure 12. Combined individual value plot of percent weeds sprayed by technology 
across both crops. Data is absent for Corn technology MPAS and HPAS due to the 
technologies not operating in corn. 
 For sensor based technologies, which are independent of the machines making the 
herbicide application, the blue dye method might not be the best method to look at the 
detection efficacy. The percent weeds sprayed metric is an amalgam with the sprayer’s 
ability to accurately hit the weeds, the sensor’s ability to detect the weeds, and the 
system’s ability to decide to make a spray application. A sensor based technology might 
be able to determine with great accuracy where the weeds exist within the field, but the 
application machine might not apply the spray coverage to the correct area. Additional 
research needs to be conducted to determine the sprayer’s ability to turn on at the exact 
moment that the sprayer nozzle travels across the weed. It is possible that the sprayer 
























on too early or too late resulting in the weed being missed by the spray application. 
Additionally, research should be conducted to determine how long it takes for the 
complete spray pattern to develop. From observations in this study, it takes some distance 
from when the nozzle turns on to where the complete spray pattern develops. It is 
possible that the spray pattern would not fully develop until after the sprayer travels over 
the weed. Because of these possible influences of the sprayer technology on the ability to 
hit weeds, percent weeds sprayed might be decreased for sensor and decision based 
technologies, which are not integrated on to the sprayer itself. 
 Although not all the data was collected for this experiment, it could be useful to 
discuss the outcomes of these spraying technologies. Technologies that are located in 
quadrant one below represent the most ideal scenario of SASWM technologies (Figure 
14). All or most of the weeds are sprayed with the least amount of land area sprayed. 
Quadrant two represents the current system of broadcast applications. All or most of the 
weeds are hit, but all of the land area was sprayed. Quadrant three represents the reality 
of not spraying or SASWM failures. All or most of the weeds were not sprayed by the 
application, but a small percentage of the land area was sprayed. Quadrant four represents 
the worst case scenario. Here, all or most of the land area was sprayed and all or most of 
the weeds were not sprayed by the application. In theory, this quadrant should be very 
difficult to achieve due to the weeds being fixed at the time of the application in the 
landscape. The lines that define each quadrant can move and should move based on what 
is acceptable socially and economically. While these technologies are under 
development, it might be more acceptable for quadrant one to be larger than it is depicted 
below (Figure 14). When the technologies make more improvements or the markets 
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demand that the technologies be better at detecting and spraying weeds, quadrant one 
might shrink from what it shown (Figure 14).  
 
 
Figure 13. Quadrant analysis of spraying outcomes. 
 
Strip Sampling Data Analysis  
In corn, at least one treatment was significantly different than the others 
(P=0.0118) (Table 9). Treatment B+R, the control, had a significantly lower weed 
population left over after the application than treatment D-R and D+R (P=0.0036) 
(P=0.0095) (Table 11). Treatment B+R resulted in 3.56 weed escapes/10 square meters 
(Table 10). This suggest that in a hectare, 3,560 weed escapes could be observed. 
























with 26.9 and 26.7 weed escapes/10 square meters respectively(Table 10). This data 
suggest that in a hectare, 26,900 and 26,700 weed escapes could be observed after an 
herbicidal application. These weed escapes are 7.5 times higher than treatment B+R. 
Treatment B+R had several data points which had a weed population greater than zero, 
which could be supported by the corn blue dye method that suggested that 99.7% of the 
weeds were sprayed (Figure 15) (Table 4). These points suggest that there are 
inefficiencies even in the broadcast application like what was observed in the soybean 
blue dye data. Some possible explanations are that these weeds that escaped control were 
missed by the spray coverage or did not receive enough coverage to kill the weeds. 
Additionally, it could be possible that the weeds were resistant to the herbicides that were 
used; however, at this time, no known resistances to all the sites of actions that were used 
exist. Treatments D-R and D+R, which were applied by the same technology had large 
variations in the amounts of weeds that escaped control (Figure 15) (Table 8). This may 
be supported by the variation in the percent weeds sprayed that was observed in the corn 
blue dye study (Table 4). 
Table 8. Summary information for technology/treatment applications for the strip 
sampling method with associated plots and samples.  
Crop Technology Treatment Plots Samples 
Corn 
B B+R 2 63 
D D-R 10 289 
D D+R 4 107 
Soybean 
B B+R 2 60 
D D-R 3 89 
D D+R 5 152 
MPAS MPAS-R 2 58 
MPAS MPAS+R 2 59 
HPAS HPAS-R 1 30 





Table 9. Test for main treatment effects in corn. 
Effect Num DF 
Den 
DF F Value Pr > F 
Treatment 2 443 4.48 0.0118 
 
 
Table 10. Summary data of treatment effects on subsequent weed escapes per 10 square 
meters. 







B+R 443 1.66 0.0979 0.05 3.56 2.73 0.791 16.1 A 
D-R 443 6.35 <.0001 0.05 26.9 13.9 9.71 74.4 B 
D+R 443 5.27 <.0001 0.05 26.7 16.7 7.85 91.1 B 
 
Table 11. Test for differences between treatments in corn. 
Treatment Treatment DF t Value Pr > |t| Alpha 
B+R D-R 443 -2.93 0.0036 0.05 
B+R D+R 443 -2.61 0.0095 0.05 





Figure 14. Cumulative Distribution Function of Weed Escapes per 10 Square Meters by 
Treatment in corn.  
 
Table 12. Summary data of percentiles by treatment in corn. 





B+R 0.000 1.000 12.2 Weeds/10 Square Meters 
D-R 9.00 28.00 205 Weeds/10 Square Meters 
D+R 8.00 33.00 151 Weeds/10 Square Meters 
 
To be successful, these treatments must result in a low amount of weeds that 
escape control measures. To put the weed escapes into perspective, in this experiment, 
treatment B+R, or the broadcast application of both a FAH and residual herbicide, 
resulted in 95% of the field containing less than 12.2 weeds/10 square meters (Figure 15) 
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(Table 12). For treatments D-R and D+R, a larger portion of the field contained just as 
many weeds (Table 12) (Figure 15). More research should be done to access what level 
of weed infestation left after the control measures is considered economically and 
socially acceptable.  
In soybeans, a detectable difference between the treatments was not observed 
(P=0.804) (Table 13). All of the treatments weed escapes/10 square meters were 
statistically the same (Table 13) (Table 14) (Table 15). Since no difference in the data 
could be detected, this once again could suggest that there exist inefficiencies in the 
broadcast application along with not all of the weeds being killed by the herbicide. The 
range in the blue dye percent weeds sprayed was only 4.7%, which suggests a small 
difference between the treatments (Table 6). The most ideal scenario for any treatment is 
that it performs equally to that of treatment B+R, the control. These results could imply 
that the other treatments performed as well as treatment B+R or that the test is not fully 
capable of determining a difference between the treatments.  




Effect Num DF Den DF F Value Pr > F 
Treatment 6 459 0.51 0.804 
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Table 14. Summary data for individual soybean treatment effects on subsequent weed 
escapes per 10 square meters. 
 
Table 15. Test for mean differences between soybean treatments. 
 
To put the resulting weed pressures into perspective, treatment B+R resulted in 
less than 5% of the field containing greater than 13 weeds/10 square meters (Figure 16) 
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(Table 16). Treatments MPAS-R, HPAS-R, and HPAS+R had an even smaller portion of 
the field that contained greater than 10 weed/10 square meters (Figure 16) (Table 16). 
Since several treatments resulted in a lower weed density across a smaller portion of the 
field than the broadcast application, it is likely that the underlying weed pressure may 
have impacted the resulting weeds escapes. Future experiments should try using pre-
control weed densities as a covariate or utilize a repeated measures design. Treatment 
MPAS+R resulted in less than 5% of the field containing greater than 40.9 weeds/10 
square meters (Figure 16) (Table 16). Treatment MPAS+R’s performance was likely 
negatively impacted by the technology’s failure to identify maple trees (Acer spp.). 
 
Figure 15. Cumulative Distribution Function of Weed Escapes per 10 Square Meters by 




Table 16. Summary data of percentiles by treatment in soybean. 





B+R 0.00 2.00 13.0 Weeds/10 Square Meters 
D-R 0.00 5.00 23.9 Weeds/10 Square Meters 
D+R 0.00 3.00 20.0 Weeds/10 Square Meters 
MPAS-R 1.00 2.00 6.15 Weeds/10 Square Meters 
MPAS+R 0.00 3.00 40.9 Weeds/10 Square Meters 
HPAS-R 0.00 0.00 3.10 Weeds/10 Square Meters 
HPAS+R 0.00 0.00 0.0500 Weeds/10 Square Meters 
 
If the strip sampling data is separated by type based on whether a residual 
herbicide was included or not, the impact of including a residual herbicide 7 days after 
the application can be understood. This analysis is pooled across technologies and crops, 
the control treatment was left out, since the control didn’t have the same treatment 
applied without a residual herbicide. During the initial strip sampling data collection, the 
addition of a residual herbicide decreased the overall weed density by 50.2% (P=.0007) 
(Table 17) (Table 18) (Figure 17). 37 days after the post-emergence herbicide 
application, the strip sampling method was repeated to understand the impact of 
broadcasted residual herbicides applied in a post-emergence application in the soybeans. 
Each technology that was used for the study included two treatments: one that included a 
broadcasted residual herbicide and the other, which did not include the residual herbicide. 
The addition of the broadcasted residual herbicide application decreased the weed 
escapes by 60.7% pooled across all technologies and all crops, but was not statistically 
significant (P=.217) (Table 19) (Table 20) (Figure 18). These observations could imply 
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that the residual herbicide started to lose its efficacy at 37 days post-application or the 
statistical analysis and experimental design was not well suited to detect a difference. 
Another explanation could also be that the largest impact came from the addition of a 
residual herbicide during peak weed emergence in the corn, but the 37 days post-
application was just conducted in the soybeans later in the season, which was likely after 
the peak weed emergence time-frame. With more replication and using the initial weed 
pressure as a covariate, a statically significant result would probably be more likely. 
The 7 days post-application observation was aligned with the hypothesis that 
broadcasted residual herbicides significantly decreased the weed pressure that was 
observed. These results could imply the need for future SASWM technologies to include 
the ability to broadcast residual herbicides, while being able to apply a targeted FAH. 
Short-term, this would probably be a multiple pass system where the same machine is 
used to broadcast a residual herbicide followed by a targeted application of a FAH. Long-
term, this could imply the need for machines that can simultaneously execute a targeted 
FAH while also applying a broadcasted residual herbicide.  
Table 17. Least square means of residual herbicide treatments 7 days post-application 
pooled over all technologies (except the control treatment) and crops. 
Residual 
Herbicide DF t Value 
Pr > 








With 808 3.41 0.0007 0.05 11.3 8.03 2.80 45.6 A 






Table 18. Test for differences in residual herbicide treatments 7 days post-application 
pooled over all technologies (except the control treatment) and crops. 




Residual 808 -3.4 0.0007 
 
Table 19. Least square means of residual herbicide treatments 37 days post-application 
pooled over all technologies (except the control treatment) in soybeans. 
Residual 
Herbicide DF t Value 
Pr > 








With 57 -0.36 0.721 0.05 0.406 1.02 0.00265 62.3 A 
Without 57 0.01 0.990 0.05 1.03 2.57 0.00700 152 A 
 
Table 20. Test for differences in residual herbicide treatments 37 days post-application 
pooled over all technologies (except the control treatment) in soybeans. 








Figure 16. Boxplot of weed escapes by residual herbicide application type 7 days post-
application pooled over all technologies (except the control) and crops. 
Figure 17. Boxplot of weed escapes by residual herbicide application type 37 days post-




Weed spatial distributions can have large implications on research projects aimed 
at estimating mean weed densities. Unpublished data from 2018 showed that when a 1 
square meter random sample was used, it resulted in 79.6% of the samples not containing 
a single weed (DeGroot, 2018). From this year’s data, a 10 square meter sample resulted 
in only 37.2% of samples not containing any weeds. By increasing the dimensions of 
each individual sample, it increased the amount of samples that contained weeds by 
42.4%. This data suggest that increasing the sample dimensions might be an effective 
solution to prevent a large proportion of samples from not containing any weeds.  
Long-term, the numbers collected from this study could be used in several 
different ways that were not researched as a part of this study. The numbers could be 
used to model the future weed population and seedbank potentials. This could be used to 
determine if a certain number of weeds left alive after an herbicide application is 
economically sustainable. These numbers could also be used to determine if that certain 
number of escapes is considered socially acceptable. Farmers in general respond 
differently to various levels of weeds that are left over after a herbicide application. To 
some farmers, any weeds emerging above the crop canopy would warrant additional 
control measures. This situation would likely result in a slower adoption of these 
technologies. To other farmers, it might be acceptable to see some level of weeds 
emerging through the crop canopy before additional control measures would be 
warranted. Additional research would need to be done to access the variation in farmer’s 





 A sample of 10 square meters provided an increase in the proportion of samples 
which contained weeds by 42.4% from a sample of 1 square meters. Broadcasted residual 
herbicides continue to add value to weed control 7 days post-application by decreasing 
the overall amount of weeds that escape control efforts by 50.2%. Additionally, this 
sampling method is reproducible on many different farming environments. To improve 
the test efficacy, more replicates should be included and the initial weed pressure should 
be included as a covariate. It is possible to have treatments perform better than the 
control, likely due to the underlying weed pressure (Table 16). 
54 
CHAPTER 5. GENERAL SUMMARY 
Under the right circumstances, sense and spray weed management technologies 
could have the potential to disrupt the herbicide and conventional broadcast sprayer 
markets for years to come. To be successful, these technologies must maintain a low 
amount of weeds that were missed by the application. With the test developed under this 
project, researchers, developers, and farmers can evaluate commercially available 
SASWM technologies to better understand their unique ability to manage weeds on the 
farm.  
There still exist many questions about SASWM and their impact on the farm. 
Future research should be conducted to further our understanding of the elements and 
efficiencies of spraying hardware to determine if the blue dye data collection method is 
appropriate for use with segregated identification/prescription and application equipment. 
It is possible that segregated prescriptive technologies are correctly identifying and 
prescribing weeds to be sprayed, but the application technology might not be performing 
satisfactorily. In addition, research should also be conducted to evaluate the potential 
future impact of weeds that are not controlled by the systems to determine their long-term 
economic and social sustainability. Research could also be conducted to determine the 
potential ecological benefit of reducing the total volume of herbicides that are applied to 
the farm.  
As this research suggests, broadcasted residual herbicides still keep the 7 day 
post-herbicide application weed pressure to a minimum. Future research could be 
conducted to determine if it is economical or feasible to use SASWM technologies to 
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complete subsequent post-emergence herbicide applications in lieu of broadcasting 
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APPENDIX STATISTICAL ANALYSIS OF SENSE AND SPRAY RESEARCH 
DATA 
Blue Dye Data Analysis SAS Code 
Corn Data 
proc glimmix data = corn_dye_data; 
class block plot tech; 
model Y/N = tech / ddfm = satterthwaite; 
random block*plot; 
lsmeans tech / lines ilink diff oddsratio cl; 
run; 
Soybean Data 
proc glimmix data = soybean_dye_data method = laplace; 
class blk plot tech; 
model Y/N = tech; 
random blk blk*plot*tech; 
lsmeans tech / lines ilink diff oddsratio cl; 
run; 
Strip Sampling Data Analysis SAS Code 
proc glimmix data = strip_sampling_data plots = studentpanel method=laplace; 
class blk trt plot; 
model weed_count = treatment / dist = negbinomial ddfm = satterthwaite; 
random blk blk*plot; 
lsmeans trt / lines ilink diff oddsratio cl; 
run; 
Residual Herbicide Analysis SAS Code 
proc glimmix data = residual_weeds plots = studentpanel method=laplace; 
class blk Residual_Herbicide; 
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model count = Residual_Herbicide / dist = negbinomial ddfm = satterthwaite; 
random blk; 
lsmeans Residual_Herbicide / lines ilink diff oddsratio cl; 
run; 
 
